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a b s t r a c t
Adenovirus inundates the productively infected cell with linear, double-stranded DNA and an abundance
of single-stranded DNA. The cellular response to this stimulus is antagonized by the adenoviral E1B and
E4 early genes. A mutant group C adenovirus that fails to express the E1B-55K and E4ORF3 genes is unable
to suppress the DNA-damage response. Cells infected with this double-mutant virus display signiﬁcant
morphological heterogeneity at late times of infection and frequently contain fragmented nuclei. Nuclear
fragmentation was due to the translocation of apoptosis inducing factor (AIF) from the mitochondria into
the nucleus. The release of AIF was dependent on active poly(ADP-ribose) polymerase-1 (PARP-1), which
appeared to be activated by viral DNA replication. Nuclear fragmentation did not occur in AIF-deﬁcient
cells or in cells treated with a PARP-1 inhibitor. The E1B-55K or E4ORF3 proteins independently prevented
nuclear fragmentation subsequent to PARP-1 activation, possibly by altering the intracellular distribution
of PAR-modiﬁed proteins.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Entry of adenovirus into a host cell and the replication of the
linear, double-stranded DNA viral genome inundates the cell with
what may be sensed as double-stranded DNA breaks, regions
of single-stranded DNA, and stalled replication forks (Karen et
al., 2009; Nichols et al., 2009; Shepard and Ornelles, 2004).
Adenovirus dampens the host DNA-damage response (DDR) by
the action of viral proteins encoded in the E1B and E4 early genes
(Turnell and Grand, 2012; Weitzman et al., 2004). One mechanism
of signaling DNA damage proceeds through the phosphorylation of
latent cellular proteins (Karran, 2000). Among the ﬁrst responders
to DNA damage is the sensor protein complex Mre11/Rad50/Nbs1
(MRN) (Williams et al., 2010). Once localized to sites of DNA
damage, the MRN complex recruits apical kinases related to the
phosphoinositol-30-kinase, including the DNA-dependent protein
kinase (DNA-PK), ataxia telangiectasia mutated protein (ATM),
and ATM- and Rad3-related protein (ATR) (Durocher and Jackson,
2001; Nam and Cortez, 2011). ATM is most closely associated with
the double-stranded DDR through checkpoint kinase 2 (Chk2), ATR
is associated with the single-stranded DDR though checkpoint
kinase 1, and DNA-PK is associated with the repair of double-
stranded breaks through non-homologous end-joining (NHEJ)
(Karran, 2000; Turnell and Grand, 2012). Once active, these apical
kinases activate distal kinases, scaffolding proteins such as H2AX,
and effector proteins such as p53 that direct DNA repair (Khanna
and Jackson, 2001), cell cycle arrest (Zhou and Elledge, 2000), or cell
death (Biss and Xiao, 2012). Adenovirus inhibits multiple steps of the
DDR pathway. The MRN complex is inhibited by the adenoviral E1B-
55K/E4ORF6 protein complex that targets Mre11 for degradation and
by the adenovirus serotype 5-speciﬁc E4ORF3-mediated sequestra-
tion of MRN protein members into nuclear tracks and cytoplasmic
aggresomes (Araujo et al., 2005; Stracker et al., 2002,2005). Inactiva-
tion of the MRN complex blocks signaling through the kinases ATM
(Carson et al., 2003; Mathew and Bridge, 2008) and ATR (Carson
et al., 2009). The ATR arm of the DDR is targeted during adenovirus
serotype 12 infections by E4ORF6-mediated degradation of TOPBP1
independently of E1B-55K (Blackford et al., 2010) and by the E1B-55
K-associated protein 5 (E1B-AP5) and its ability to promote phos-
phorylation of ATR substrates. The NHEJ arm of the DDR is targeted
by E4ORF6 in complex with E1B-55K through the degradation of
DNA ligase IV (Baker et al., 2007) and independently of E1B-55K
by disrupting the association of XRCC4 with DNA ligase IV, thus
precluding binding to DNA (Jayaram et al., 2008a, 2008b). E4ORF6
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also inhibits protein phosphatase 2A (PP2A) leading to the sustained
phosphorylation of DNA-PK and H2AX with hyperactivation of the
DDR in response to ionizing radiation (Hart et al., 2005, 2007). The
master regulator of cell survival, p53, is inhibited at the transcrip-
tional level by the E1B-55K protein alone (Hartl et al., 2008; Martin
and Berk, 1998; Yew and Berk, 1992), through degradation by the
E1B-55K/E4ORF6 complex (Querido et al., 1997, 2001), and through
the inhibitory methylation of p53-target promoters by the E4ORF3
protein (Soria et al., 2010). Cells infected with an E4-deleted
adenovirus show evidence of a strong DDR, including activation of
non-homologous end-joining resulting in concatenation of the viral
genome (Weiden and Ginsberg, 1994). Genome concatenation is
believed to contribute to the inhibition of late protein synthesis in
some E4-mutant adenoviral infections (Jayaram and Bridge, 2005).
Defects in viral DNA replication in the absence of E4 adenoviral
proteins are due to the Nbs1-dependent, Rad50-stabilized binding of
Mre11 to viral DNA (Mathew and Bridge, 2007, 2008). Cells infected
with a virus bearing deletions in the E1B-55K and E4ORF3 genes also
show robust DNA damage signaling and typically die as quickly as
cells infected with single-mutant viruses (Shepard and Ornelles,
2004).
The phosphorylation-mediated DNA damage signaling to p53
has been studied extensively in the context of a viral infection
(reviewed in Turnell and Grand, 2012); however, signaling also
proceeds through the activation of poly(ADP-ribose) polymerase-1
(PARP-1). PARP-1 activation occurs in response to DNA-damage
and promotes the addition of poly(ADP-ribose) (PAR) to PARP-1
itself, the ribosylation of cellular proteins such as histones, and the
accumulation of free PAR chains (Halldorsson et al., 1978; Wang et
al., 2009a). PARP-1 automodiﬁcation and the localization of PAR at
sites of DNA damage recruit DNA signaling and repair proteins and
leads to PAR-modiﬁcation of these proteins (Haince et al., 2007;
Li and Yu, 2013; Sousa et al., 2012; Wang et al., 2012). Not all forms
of DNA damage activate PARP-1 to an equivalent extent. In
neuronal cells, cell death associated with PARP-1 activation tends
to result from excitotoxic signals or in response to the DNA-
alkylating agent N-methyl-N'-nitro-N-nitrosoguanidine (MNNG)
(Andrabi et al., 2006; Yu et al., 2002, 2003). PARP-1 activation is
also required for apoptosis inducing factor (AIF) to translocate to
the nucleus (Yu et al., 2002).
Translocation of AIF into the nucleus can lead to profound
changes to the integrity of the cell nucleus and the survival of
the cell. AIF provokes a caspase-independent form of cell death
accompanied by PARP-1-dependent nuclear fragmentation (Susin
et al., 1999; Yu et al., 2002). The mechanism by which active PARP-1
signals for death and facilitates AIF release from the mitochondria
remains unclear. Studies have demonstrated that free PAR chains
are sufﬁcient to induce caspase-independent cell death (Andrabi et
al., 2006). Still other studies indicate that AIF itself must be PAR
ribosylated in order to be released from the mitochondria and to
translocate to the nucleus (Wang et al., 2002). Translocation of AIF
to the nucleus was found in irradiated cells radiosensitized by the
E4ORF6 protein of adenovirus and AIF was found to be required for
this radiosensitization (Hart et al., 2007). Perhaps this interaction of
AIF with an adenoviral protein suggests the existence of a relation-
ship between adenovirus and caspase-independent death signaling,
much in the same way that adenovirus inhibits caspase-dependent
apoptosis (Burgert et al., 2002; Degenhardt et al., 2000).
We report here that adenovirus-infected cells that fail to
express the E1B-55K and E4ORF3 proteins show striking hetero-
geneity in cellular morphology and nuclear integrity. The emer-
gence of this heterogeneity unmasks the importance of these two
adenoviral proteins in orchestrating the apparent uniformity seen
in a typical adenoviral infection. Viral genome replication was
found to activate PARP-1 and, when signaling was unhindered,
showed similarities to excitotoxic cell death. Either the E1B-55K or
E4ORF3 proteins were sufﬁcient to prevent translocation of AIF
from the mitochondria to the nucleus and to prevent nuclear
fragmentation. The mechanism by which the E1B-55K and E4ORF3
proteins prevent AIF translocation remains to be determined,
although evidence is presented to suggest that these proteins
alter the distribution of PAR-modiﬁed proteins, thus preventing
nuclear fragmentation.
Results
Striking morphological heterogeneity among cells infected with the
E1B-55 K/E4ORF3 double-mutant virus
Adherent HeLa cells in a subconﬂuent monolayer exhibit the
characteristic morphology of epithelial cells where each cell
adopts an irregular polygonal shape (Fig. 1A, mock). After 72 h,
cells infected with the E1B-55K single-mutant virus (Fig. 1A,
ΔE1B-55K) were loosely attached to the substrate and appeared
uniformly round. The loosely-attached rounded cells showed a
median diameter of 11 μm (Fig. 1B, ΔE1B-55K). Cells infected with
either the wild-type or the E4ORF3 single-mutant viruses appeared
similar to E1B-55K single-mutant virus-infected cells (data not
shown) and the detached rounded cells were of similar size to the
E1B-55K single-mutant virus-infected cells (Fig. 1B). By contrast,
cells infected by the E1B-55K/E4ORF3 double-mutant virus
included detached and rounded cells as well as adherent, poly-
gonal cells (Fig. 1A, ΔE1B-55K/ΔE4ORF3). These attached cells were
infected because over 99% of similarly infected cells stained for an
early adenovirus protein (data not shown). The diameter of the
detached and rounded double-mutant virus-infected cells varied
considerably with a median diameter of 16 μm and an interquar-
tile range nearly twice that of the wild-type and single-mutant
virus-infected cells (Fig. 1B). These cells also appeared signiﬁcantly
larger than wild-type, E4ORF3- and E1B-55K-mutant virus-infected
cells (p¼0.01, 0.001 and 0.0002, respectively). The heterogeneous
morphology of double-mutant virus-infected cells was conﬁrmed
by ﬂow cytometry. Forward scatter reﬂects the volume of the cell
while side scatter reﬂects properties such as the presence of
cytoplasmic granules, nuclear shape, and membrane roughness.
Although there was no appreciable difference in cell volume, side
scatter increased for all infected cells and the heterogeneity in this
measurement was especially pronounced in cells infected with the
double-mutant virus (Fig. 1C).
The striking variability in cell shape determined by phase
contrast microscopy and ﬂow cytometry was evident in the
morphology of the plasma membrane visualized by scanning
electron microscopy. Mock-infected cells were ﬂat, polygonal and
displayed numerous microvilli (Fig. 1D, mock). Wild-type virus-
infected cells, which were uniformly round in appearance, dis-
played numerous small blebs and rufﬂes. Very few microvilli
were evident in these cells (Fig. 1D, wild-type). By contrast, the
representative image of E1B-55K/E4ORF3 double-mutant virus-
infected cells illustrates the heterogeneity in cell shape and the
variability in membrane morphology (Fig. 1D, ΔE1B-55K/ΔE4ORF3).
Some cells appeared smooth with few membrane blebs and
appeared similar to wild-type virus-infected cells. Additional cells
contained small blebs that were larger in extent and protruded
further from the membrane than in wild-type virus-infected cells.
Some cells appeared to retain long thin cytoplasmic processes
attached to the substrate. Still other cells appeared to have fragmen-
ted and possibly damaged membranes showing a granular texture
(Fig. 1D, ΔE1B-55K/ΔE4ORF3). It should be noted that although all
infected cells displayed a substantial cytopathic effect, over 90% of
the cells infected with the single-mutant viruses and over 75% of the
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cells infected with the double-mutant virus remained viable by
Trypan blue dye-exclusion at 72 hpi (data not shown and see
Shepard and Ornelles, 2004). These results indicate that, even though
the cells were infected at a high multiplicity, expression of the
E1B-55K and E4ORF3 proteins contributes to the uniform appearance
of adenovirus-infected cells at late times of infection.
Unusual nuclear morphology among cells infected with the
E1B-55K/E4ORF3 double-mutant virus
In addition to the perturbations seen at the whole cell level and
the plasma membrane, cells infected with the E1B-55K/E4ORF3
double-mutant virus show aberrant nuclear morphology. This
aberrant nuclear morphology was ﬁrst observed at approximately
54 hpi and reached a steady-state level by 72 hpi (data not
shown). The nuclear lamina was visualized in infected HeLa cells
72 hpi by immunoﬂuorescence microscopy and DNA was simulta-
neously visualized by staining with 4',6-diamidino-2-phenylindole
(DAPI). Most cells infected with the double-mutant adenovirus
displayed a non-uniform distribution of DNA surrounded by the
nuclear lamina similar to that observed in wild-type and single-
mutant virus-infected cells (Fig. 2A, B and C). The nuclei of approxi-
mately 10% of the double-mutant virus-infected cells contained highly
condensed chromatin surrounded by diffuse lamina staining (Fig. 2D, E
and F). These nuclei superﬁcially resemble a metaphase nucleus but
lack the characteristic bipolar symmetry (Tanenbaum and Medema,
2010). The remaining 15–20% of cells contains nuclei of an unusual
and distinctly fragmented nature (Fig. 2G, H and I). The DNA in these
fragmented nuclei was partitioned into approximately 5 to 25 discrete
bodies surrounded by an apparently intact nuclear lamina. Confocal
microscopy conﬁrmed that many of these discrete DAPI-stained bodies
were separated from each other and surrounded by nuclear lamina.
These lamina-bound blebs of nuclear material differ from the frag-
mented nuclei seen in apoptotic cells because proteolytic cleavage of
lamin and the subsequent disruption of nuclear lamina occur prior to
apoptotic nuclear fragmentation (Lazebnik et al., 1995).
Nuclear fragmentation by the E1B-55K/E4ORF3 double-mutant virus
occurs in tumorigenic and non-tumorigenic cell lines
The nuclear fragmentation elicited by the E1B-55K/E4ORF3
double-mutant virus resembles fragmentation associated with
caspase-independent programmed cell death. Because the path-
ways governing growth, survival and death in tumor cells often
differ from those in benign cells (Hsieh et al., 2012; Sette et al.,
2012; Zeng et al., 2012), we evaluated additional cell lines for their
Fig. 1. HeLa cells infected with the E1B-55K/E4ORF3 double-mutant virus are heterogeneous in appearance at late times of infection. (A) HeLa cells were mock-infected or
infected at an MOI of 10 with the E1B-55K-deleted virus (ΔE1B-55K) or E1B-55K/E4ORF3 double-mutant virus (ΔE1B-55K/ΔE4ORF3). Representative images captured by
phase-contrast microscopy at 72 hpi are shown. (B) HeLa cells were infected with the indicated viruses and the apparent diameters of detached cells were determined as
described in “Materials and methods” section. The mean diameters of 120 to 250 cells are summarized in the box and whiskers plot. Differences among mean cell diameters
from the three independent experiments were signiﬁcant (p¼0.008, one-way ANOVA allowing for unequal variances among groups.) Application of the t-test with
correction for multiple comparisons indicated that cells infected with the E1B-55K/E4ORF3 double-mutant virus were signiﬁcantly larger than other virus-infected cells
(po0.01). (C) HeLa cells were infected at an MOI of 10 with the indicated viruses and live cells were analyzed for size (Forward Scatter) and intracellular or surface
perturbations (Side Scatter) by ﬂow cytometry. The percentage of cells found in the upper left quadrant is indicated in each panel. (D) HeLa cells were mock-infected or
infected with wild-type or double-mutant viruses at an MOI of 10 and processed for scanning electron microscopy at 72 hpi.
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susceptibility to nuclear fragmentation by the double-mutant
virus. In both cervical cancer-derived HeLa cells and prostate
cancer-derived PC3 cells, the frequency of cells with fragmented
nuclei after infection with wild-type and single-mutant adeno-
viruses was the same as mock-infected cells (Fig. 3A). By contrast,
more cells with fragmented nuclei (8–15%) were seen after infection
with the double-mutant virus.
Similar results were obtained with two non-tumorigenic,
immortal cell lines. Approximately 5 to 15% of the nuclei of human
telomerase-expressing retinal pigment epithelial cells (hTERT
RPE-1) and mammary epithelial MCF10A cells contained fragmen-
ted nuclei 72 h after infection with the double-mutant virus. As
observed for tumor-derived cells, the frequency of fragmented
nuclei was less than 1% for non-infected cells and cells infected
with the wild-type or single-mutant viruses (Fig. 3B). Although
the frequency of nuclear fragmentation varied among cell lines,
the increase appears to be unrelated to the tumorigenic nature
of the cell line. The increase in fragmentation was signiﬁcant for
double-mutant virus-infected cells compared to all other infected
cells among HeLa, hTERT RPE-1, and MCF10A cells and for double-
mutant compared to E4orf3-mutant virus-infected PC3 cells.
AIF is released from the mitochondria independent of other
mitochondrial proteins
The fragmented nuclei in double-mutant virus-infected cells
appear similar to those observed in cells dying by a caspase-
independent mechanism linked to the release of apoptosis-inducing
factor (AIF) from the mitochondria (Lorenzo et al., 1999). However,
adenovirus-infected cells do not exhibit classical markers of apoptosis,
most likely because the E1B-19K protein inhibits mitochondrial
permeabilization by binding to Bax and Bak and preventing both
Bax and Bak hetero- and homo-oligomerization (Han et al., 1998;
Sundararajan and White, 2001). The localization of AIF and another
mitochondrial protein, COX IV, was evaluated at 72 hpi. In mock-
infected cells, AIF was restricted to the mitochondria and, at the
resolution afforded by ﬂuorescence microscopy, co-localized with COX
IV in elongated structures spanning the cytoplasm (Fig. 4A). Although
most cells infected with the wild-type or single-mutant viruses
detached by 72 hpi and showed a thin rim of cytoplasm about the
swollen nucleus, AIF and COX IV remained closely associated in
the cytoplasm (data not shown) and AIF remained excluded from
the nucleus as seen with the representative cells infected with the
Fig. 2. HeLa cells infected with the E1B-55K/E4ORF3 double-mutant virus exhibit unusual nuclear morphology. HeLa cells were infected with the double-mutant virus at an
MOI of 10 and stained at 72 hpi with DAPI to visualize DNA (A, D, G) or an autoimmune serum recognizing the nuclear lamina (B, E, H). Each row represents a pair of cells
imaged by confocal microscopy with the three dimensional distribution of DNA represented in the rendering in panels C, F, and I. Scale bar indicates 10 mm.
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E1B-55K-mutant virus (Fig. 4B, ΔE1B-55K). By contrast, AIF was found
outside of the mitochondria and in the nuclei of a subset of cells
infected with the double-mutant virus. The coincidence of AIF and
DNA only occurred in cells showing nuclear fragmentation, as seen
with the representative cells (Fig. 4B, ΔE1B-55K/ΔE4ORF3, fragmented).
The association of AIF and COX IV was quantiﬁed with at least
50 confocal images of infected cells stained for AIF and COX IV.
Double-mutant virus-infected cells were further stratiﬁed into
those with intact or fragmented nuclei. Pearson's correlation
coefﬁcient provides a global measure of the association of staining
for AIF and COX IV. For all cells containing intact nuclei, AIF and
COX IV showed a strong positive correlation, with a median value
of 0.95. More than 75% of the cells analyzed had a value greater
than 0.9. By contrast, the median Pearson's correlation coefﬁcient
for double-mutant virus-infected cells with fragmented nuclei was
0.77 and varied over a wider range among individual cells (Fig. 4C).
These results show a signiﬁcant (po0.0001) separation of staining
for COX IV and AIF in cells with fragmented nuclei. These images
were also used to determine modiﬁed Manders' coefﬁcients
of overlap, which quantiﬁes the proportion of one signal above
an automatically determined threshold that is coincident with
the other signal. This pair of coefﬁcients provides a directional
measure of how frequently one ﬂuorophore coincides with the
other. For mock-infected cells and cells infected with the wild-type
or single-mutant viruses or with a replication-defective viral
mutant deleted of the pre-terminal protein gene, nearly all
the AIF signal was coincident with COX IV signal. Because COX IV
is restricted to mitochondria, this indicates that most of the AIF
remained in the mitochondria in these cells. A slightly smaller
fraction of the COX IV signal was coincident with AIF, suggesting
that some COX IV staining occurred in areas without AIF. Similar
Manders' coefﬁcients were measured for both COX IV and AIF in
double-mutant virus-infected cells with intact nuclei (Fig. 4D).
However, the Manders' coefﬁcients for double-mutant virus-
infected cells with fragmented nuclei revealed the basis for a
reduced Pearson's correlation coefﬁcient seen in Fig. 4C. The
fraction of COX IV coincident with AIF was modestly reduced. By
contrast, the fraction of AIF signal that overlapped COX IV signal
was signiﬁcantly reduced in cells containing fragmented nuclei
compared to all other conditions (po0.0001). This indicates that a
signiﬁcant portion of AIF was found in areas of the cell devoid of
COX IV staining. This measurement supports the visual evidence
indicating that some AIF remained in the mitochondria but that a
portion was released from the mitochondria and often entered the
nucleus. In double-mutant virus-infected cells with fragmented
nuclei, AIF also colocalized less with cytochrome c, which was
found in discrete structures mimicking COX IV staining (data not
shown). These results further show that AIF escapes the mito-
chondria in the presence of the E1B-19K protein, which is a potent
inhibitor of mitochondrial permeability.
Nuclear fragmentation is AIF-dependent
Nuclear fragmentation following infection with the E1B-55K/
E4ORF3 double-mutant virus resembles effects associated with a
PARP-1-responsive and caspase-independent mechanism of cell
death that is mediated by AIF (Gilliams-Francis et al., 2003; Yu
et al., 2002). To determine if the nuclear fragmentation observed
here required AIF, AIF-proﬁcient and AIF-deﬁcient HeLa cells were
infected and their nuclear morphology was evaluated after 72 h.
The ablation of AIF in HeLa cells is evident by the absence of AIF
protein detected by immunoblotting (Fig. 5A). Irrespective of AIF
status, few uninfected cells or cells infected with the wild-type
or single mutant viruses contained fragmented nuclei (o2.5%).
However, AIF-deﬁcient cells failed to display the increase in
fragmented nuclei seen in AIF-proﬁcient cells after infection with
the double-mutant virus (Fig. 5B). This result indicates that AIF is
required for the nuclear fragmentation seen in double-mutant
viral infections of HeLa cells. Although tumor cell lines often differ
in their susceptibility to death by the AIF-dependent pathways
(Kanno et al., 2012), we observed similar results using PC3 cells
depleted of AIF. The knockdown of AIF in the PC3 cells was
comparable to that achieved in HeLa cells and has been previously
described (Lewis et al., 2012). Even though fewer PC3 cells
contained fragmented nuclei overall, the only cells to show a
signiﬁcant (po0.05) increase in fragmented nuclei were AIF-
proﬁcient cells infected with the double-mutant virus (Fig. 5C).
Additional studies that measured changes in the electrical impe-
dance across the infected cell monolayer over time indicated that
AIF also contributed to the heterogeneity observed at the whole-
cell level in double-mutant virus-infected cells and that this
whole-cell heterogeneity was suppressed by either E1B-55K or
E4ORF3 (data not shown). This requirement for the E1B-55K and
E4ORF3 proteins to suppress AIF-mediated nuclear fragmentation
and AIF-dependent morphological heterogeneity reveals a new
relationship between AIF and adenovirus infection.
PARP-1 is active during adenoviral infections
PARP-1 is thought to facilitate AIF release from the mitochon-
dria during caspase-independent cell death (Wang et al., 2009a,
2012). Consequently, we evaluated PARP-1 activity in adenovirus-
infected cells by measuring the overall PAR-ribosylation. Quanti-
tative immunoﬂuorescence data obtained from all infected cells at
Fig. 3. The E1B-55K/E4ORF3 double-mutant virus elicits nuclear fragmentation
in multiple cell lines. The viruses indicated were used at an MOI of 10 to infect
(A) tumorigenic HeLa and PC3 cells and (B) non-tumorigenic hTERT RPE-1 and
MCF10A cells. Cells were stained for DNA at 72 hpi and the fraction of cells
containing fragmented nuclei determined. Results from a representative experi-
ment of at least three experiments are shown. Error bars indicate the upper 95%
exact binomial conﬁdence interval for the representative experiment.
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72 hpi showed increased functional PARP-1 activity, as measured
by an increase in PAR-ribosylation compared to mock-infected
cells. The mean ﬂuorescence intensity for PAR-staining in cells
infected with the wild-type, single-, or double-mutant viruses was
3.5- to 5-fold greater than that observed in mock-infected cells
(Fig. 6A). Application of the t-test to the mean ﬂuorescent intensity
with the Holm correction for multiple comparisons conﬁrmed that
mock-infected cells contained signiﬁcantly less PAR-staining than
Fig. 4. AIF is found outside the mitochondria in cells with fragmented nuclei. HeLa cells were infected with the indicated viruses at an MOI of 10, processed for
immunoﬂuorescence at 72 hpi, and imaged by confocal microscopy. Representative images are shown in panels A and B. The scale bar indicates 10 mm. The virus identiﬁed as
ΔpTP bears a deletion in the preterminal protein gene and is unable to direct viral DNA replication. (A) Staining for AIF and the mitochondrial marker COX IV is coincident in
the mock-infected cells. (B) AIF remains in the cytoplasm in mock-infected cells and cells infected with the E1B-55K-mutant virus. Nuclear translocation of AIF is seen only in
cells with fragmented nuclei following infection with the E1B-55K/E4ORF3 double-mutant virus. (C) The coincidence of AIF and COX IV was determined in at least 50 cells and
quantiﬁed with Pearson's correlation coefﬁcient. Cells infected with the double-mutant virus were stratiﬁed into those with intact nuclei and those with fragmented nuclei.
(D) Manders' coefﬁcients of overlap were determined to quantify the proportion of COX IV staining that is coincident with AIF staining (red symbols) and the proportion of
AIF staining that is coincident with COX IV staining (green symbols).
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infected cells (po0.05) and that the level of PAR staining among
infected cells was indistinguishable (p40.5, Fig. 6B). These results
show that PARP-1 is activated after adenovirus infection irrespec-
tive of the status of the E1B-55K and E4ORF3 genes.
AIF-dependent nuclear fragmentation is PARP-dependent
Although the increase in PAR-modiﬁed proteins shows that
PARP-1 is activated in all adenovirus-infected cells, only double-
mutant virus-infected cells contain fragmented nuclei (see Fig. 3A).
This indicates that PARP-1 activation is not sufﬁcient to induce
nuclear fragmentation. To determine if PARP-activation is required
for nuclear fragmentation, cells were treated with the PARP
inhibitor 3-aminobenzamide (3-ABA) and then infected with
wild-type, single-mutant, and double-mutant viruses. At 72 hpi,
the nuclear morphology was quantiﬁed. The low level of nuclear
fragmentation seen in wild-type and single-mutant virus-infected
cells was unchanged by the PARP-1 inhibitor. More fragmented
nuclei were observed in untreated double-mutant virus-infected
cells, as expected. However, the PARP-1 inhibitor prevented nuclear
fragmentation in double-mutant virus-infected cells, reducing the
levels to that observed in cells infected with the E1B-55K-mutant
virus (Fig. 6C). Although it seems reasonable that the PARP-1
inhibitor would block the release of AIF from the mitochondria
and translocation into the nucleus, this remains to be determined in
adenovirus-infected cells. The PARP-1 inhibitor affected the fre-
quency of fragmented nuclei and not total nuclear morphological
heterogeneity including condensed chromatin (data not shown).
These results suggest that, although not sufﬁcient, PARP-1 activity is
necessary for AIF to promote nuclear fragmentation during adeno-
viral infections.
The E1B-55K and E4ORF3 proteins alter the distribution of
PAR-modiﬁed proteins
The increase in PAR-modiﬁcation shows that PARP-1 is acti-
vated following adenovirus infection. This raises the question
of how the E1B-55K and E4ORF3 proteins prevent the abundant
PAR chains and PAR-modiﬁed proteins from triggering nuclear
fragmentation. Another DNA-damage signal that increases in
adenovirus-infected cells is the phosphorylation of histone H2AX
or γH2AX. It has been suggested that adenovirus disrupts this
signaling process by mislocalizing γH2AX rather than preventing
the phosphorylation of H2AX (Nichols et al., 2009). In order
to determine if PAR-modiﬁed proteins are also differentially
localized in adenovirus-infected cells, the distribution of PAR
was systematically evaluated by ﬂuorescence microscopy at
72 hpi. PAR staining is faint in most mock-infected cells. In the
few strongly stained cells, PAR was diffusely distributed through-
out the cell as small puncta (Fig. 7A,B). All of these mock-infected
cells would have been scored as containing a diffuse pattern
as noted in Fig. 7C. A similar diffuse distribution, albeit much
brighter, was seen in the majority of virus-infected cells (Fig. 7C,
D–H). In wild-type and single-mutant virus-infected cells, we
observed two additional staining patterns. A clustered pattern
consisting of focal concentrations in limited regions of the nucleus
was seen in 10–20% of the cells infected with the wild-type or
single-mutant viruses (Fig. 7C, I–M). A more ﬁnely speckled
pattern was observe throughout the nucleus of 10–30% of cells
when the E1B-55K protein was expressed (Fig. 7C, N–R). Cells
infected with the double-mutant virus, however, contained only
diffusely distributed PAR-modiﬁed proteins. The frequency of the
three staining patterns was quantiﬁed in three experiments.
Representative results are summarized in Fig. 7C. These results
show that the E1B-55K and E4ORF3 proteins alter localization of
PAR-modiﬁed proteins. However, it remains unclear if the distinct
staining pattern seen in a fraction of wild-type or single-mutant
virus-infected cells is sufﬁcient to block the PARP-1-dependent
signal for nuclear fragmentation.
Viral genome replication activates PARP-1
The presence of the linear, double-stranded adenovirus DNA
genome has been suggested to be sufﬁcient to trigger the DNA
damage response (Cherubini et al., 2011; Karen et al., 2009; Nichols
et al., 2009), which could promote the activation of PARP-1. However,
other consequences of a productive infection include aberrant
cellular DNA synthesis (Nichols et al., 2009), increased macromole-
cular synthesis, and the production of reactive oxygen species, all of
which could stimulate pathways that converge on the activation of
PARP-1. The potential contribution of these factors to PARP-1 activa-
tion was tested.
Adenovirus elicits aberrant cellular DNA synthesis including re-
replication, which is the replication of once-replicated segments of
the genome without an intervening mitosis (Nichols et al., 2009).
Re-replication is especially extensive in cells infected with the
E1B-55K-mutant virus (unpublished observations and Cherubini
et al., 2006) and leads to double-stranded DNA breaks and regions
of single stranded DNA that trigger the DNA-damage response
pathway (Hook et al., 2007; Jones and Petermann, 2012). Because
the adenovirus DNA polymerase is unaffected by a level of
aphidicolin that blocks cellular DNA synthesis (Kwant and van
Fig. 5. Nuclear fragmentation is AIF-dependent. (A) Protein lysates from identical numbers of HeLa cells (Parental) or HeLa cells stably expressing an shRNA targeting
bacterial beta galactosidase (shLac) or AIF (shAIF) were analyzed by immunoblotting for AIF and β-actin. The approximate migration of molecular weight standards (kDa) is
indicated on the right. In panels B and C, the viruses indicated were used at an MOI of 10 to infect AIF-proﬁcient (shLacZ) and AIF-deﬁcient (shAIF) (B) HeLa and (C) PC3 cells.
Cells were stained for DNA at 72 hpi and the fraction of cells containing fragmented nuclei determined. Results from a representative experiment of at least three
experiments are shown. Error bars indicate the 95% exact binomial conﬁdence intervals for the representative experiment.
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der Vliet, 1980), double-mutant virus-infected cells were treated
with a concentration of aphidicolin sufﬁcient to suppress cellular
but not viral DNA replication before measuring nuclear fragmen-
tation (Fig. 8A). Aphidicolin reduced the frequency of infected
cells with greater than 4N DNA content from approximately 30% to
less than 2% (data not shown), conﬁrming that the increase in
DNA content was due to cellular DNA synthesis. Nonetheless,
aphidicolin had no effect on the number of fragmented nuclei
seen in double-mutant virus-infected cells, demonstrating that
aberrant cellular DNA synthesis is not the likely trigger for PARP-
dependent nuclear fragmentation.
In addition to aberrant cellular DNA synthesis, double-mutant
virus-infected cells continue to synthesize host proteins at late
times of infection (Shepard and Ornelles, 2004). The continual
synthesis of both cellular and viral proteins could be a metabolic
stress that triggers PARP-1 activation. Alternatively, the failure to
block host protein synthesis at late times of infection could permit
the synthesis of antiviral effector proteins that contribute to PARP-
mediated nuclear fragmentation. To determine if sustained protein
synthesis is required for PARP-mediated nuclear fragmentation,
mock-infected or E1B-55K/E4ORF3 double-mutant virus-infected
cells were treated cycloheximide at various times post infection
before being evaluated for nuclear fragmentation at 72 hpi. Although
the number of fragmented nuclei in non-infected cells increased
with longer exposures to cycloheximide in an AIF-independent
manner (data not shown), the frequency of cells with fragmented
nuclei among the infected cells remained approximately constant
(Fig. 8B). This result suggests that although the prolonged inhibition
of protein synthesis can affect nuclear integrity in non-infected cells,
the AIF-dependent nuclear fragmentation observed in the virus-
infected cells does not require ongoing protein synthesis.
Reactive oxygen species (ROS) can promote PARP activation
(Ame et al., 1999). Because the protein VI-dependent, pH-inde-
pendent escape of adenovirus from the endosome (Wiethoff et al.,
2005) triggers ROS production through cathepsin B-mediated
mitochondrial destabilization in macrophages (McGuire et al.,
2011), we used N-acetylcysteine, a pan-reactive ROS inhibitor to
determine if the production of ROS contributed to the activation of
PARP and nuclear fragmentation. The ROS inhibitor had no impact
on nuclear fragmentation measured at 72 hpi whether added prior
to, shortly after, or long after infectionwith the double-mutant virus
(Fig. 8C). This result suggests that virus-induced reactive oxygen
production does not trigger nuclear fragmentation.
Replication of the double-stranded adenovirus genome leads to
numerous double-stranded DNA ends with a free 30-hydroxyl and
abundant single-stranded DNA. These structures also have been
postulated to trigger a potent DNA damage response (Shepard and
Ornelles, 2004; Turnell and Grand, 2012). To determine if viral
genome replication activates PARP-1, cells were infected with
wild-type, single-, and double-mutant viruses, all of which direct
equivalent levels of viral DNA replication (Shepard and Ornelles,
2004). These viruses were compared to a virus bearing a deletion
in the pre-terminal protein gene (H5wt300ΔpTP) that is therefore
unable to direct the synthesis of new viral DNA. Cells infected with
H5wt300ΔpTP contained no more fragmented nuclei than mock-
infected cells, which was expected because this viruses expresses
both E1B-55K and E4ORF3 (data not shown). Cellular lysates were
collected and the levels of PAR-ribosylated proteins were analyzed
by immunoblot (Fig. 8D). Automodiﬁcation of PARP-1 with PAR is
a hallmark of PARP-1 activation and is recognized as heavy, but
indistinct, PAR staining in the higher molecular weight region.
These results seem to show an increase in PAR-ribosylation in
wild-type, single-, and double-mutant viral infections over that of
mock and H5wt300ΔpTP viral infections, but the indistinct nature
of PAR staining makes this difﬁcult to deﬁnitively measure.
Intriguingly, lysates from wild-type and single-mutant virus-
infected cells contained prominent PAR-modiﬁed proteins that
comigrated with the late viral hexon and penton base proteins
(Fig. 8D). Immunoprecipitation of the late viral proteins followed
by immunoblotting for PAR revealed PAR-ribosylation of the penton
protein, but not the hexon protein recovered by immunoprecipitation
Fig. 6. PAR levels increase in adenovirus-infected cells and PARP-1 activity is
necessary for nuclear fragmentation in double-mutant virus-infected cells. HeLa
cells were infected with the viruses indicated at an MOI of 10. (A) Cells were ﬁxed
and stained by indirect immunoﬂuorescence for PAR. The ﬂuorescence intensity
of between 100 and 1000 individual cells for each virus was determined by
quantitative immunoﬂuorescence microscopy. The log of the total ﬂuorescence
intensity is plotted as a density distribution. (B) The mean ﬂuorescence intensity of
PAR-stained cells from three independent experiments are plotted with open
symbols. The geometric mean for the three experiments is indicated with the
horizontal bar. (C) Infected cells were treated with PARP-1-inhibitor 3-aminoben-
zamide. Cells were stained for DNA at 72 hpi and the fraction of cells containing
fragmented nuclei was determined. Results from a representative experiment of
three independent experiments are shown. Error bars indicate the upper limit of
the 95% exact binomial conﬁdence interval for the representative experiment.
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(data not shown). The intensity of PAR staining within individual cells
was used to provide a measure of PAR ribosylation during viral
infections. Quantitative immunoﬂuorescence showed an increase in
PAR staining in cells infected with each virus studied here except the
replication-defective virus H5wt300ΔpTP. PAR ﬂuorescence intensity
in H5wt300ΔpTP virus-infected cells was reduced to the background
levels seen in mock-infected cells (Fig. 8E). These results support the
hypothesis that viral DNA replication triggers a potent host response
that activates PARP-1, which in turn could lead to nuclear fragmenta-
tion through AIF. Because the activation of PARP-1 does not require
late protein synthesis, we propose that that it is the act of viral
genome replication per se that activates PARP-1.
In summary, these ﬁndings suggest that adenoviral genome
replication triggers a cellular DNA-damage response that leads to
the activation of PARP-1. Notably, this activation occurs in wild-
type virus-infected cells, suggesting that at least a portion of the
DNA damaging signaling network is operational. However, in the
absence of the viral E1B-55K and E4ORF3 proteins, a subset of cells
responds to this signal by releasing AIF from the mitochondria and
undergo AIF-dependent nuclear fragmentation.
Discussion
Replication of the double-stranded DNA adenoviral genome
provokes a cellular response that includes activation of PARP-1. In
the absence of the adenoviral E1B-55K and E4ORF3 proteins, active
PARP-1 leads to AIF-dependent nuclear fragmentation. The precise
stimulus provided by adenoviral DNA replication that activates
PARP-1 is not known. However, it seems likely that the viral
genome itself and forms of DNA that arise during viral DNA
replication are the likely culprits. Adenoviruses are unique among
animal viruses (Challberg and Kelly, 1989) because the viral
genome persists as a linear, double-stranded DNA molecule during
the course of the infection (Knipe and Howley, 2006). The lytically
infected cell contains thousands of double-stranded DNA ends,
Fig. 7. The E1B-55K and E4ORF3 proteins alter the distribution of PAR or PAR-modiﬁed proteins. HeLa cells were mock-infected or infected with the wild-type, single-mutant,
or double-mutant viruses and stained for PAR and DNA at 72 hpi. PAR is represented by green and DNA by magenta. (A,B) Representative low-magniﬁcation ﬁelds of mock-
infected cells show faint, diffuse PAR staining throughout the cell. The scale bar indicates 10 mm. (C) Three patterns of PAR-staining were identiﬁed in virus-infected cells. The
relative frequency of the three patterns of PAR localization are tabulated for approximately 300 cells for each viral infection from one of three representative experiments.
(D–H, Diffuse) Representative cells showing a diffusely distributed pattern of PAR staining through cytoplasm and nucleus. (I–M, Clustered) Representative cells displaying
focal concentrations of PAR staining within a small portion of the nucleus. (N–R, Speckled) Representative cells showing a more widely distributed pattern of PAR-stained foci
throughout a larger portion of the nucleus. The scale bar indicates 10 mm.
R.L. Turner et al. / Virology 456-457 (2014) 205–219 213
each of which has the 5' terminal phosphate covalently attached to
the preterminal protein and a free 3’ hydroxy terminal group. One
single-stranded DNA genome is generated each time a double-
stranded DNA genome is used as a template (Knipe and Howley,
2006). These DNA structures can stimulate a robust DNA-damage
response (Germann et al., 2010; Peterson and Cote, 2004). We
previously reported that viral genome replication leads to wide-
spread phosphorylation of H2AX, suggesting that the infected cell
experiences a diffusely distributed genotoxic signal (Nichols et al.,
2009). This response may more closely mimic the type of wide-
spread DNA damage caused by alkylating agents, rather than the
more localized damage caused by ionizing radiation (IR). At the
molecular level, IR causes discrete foci of damaged DNA and triggers
the ATM-Chk2 pathway (Khalil et al., 2011; Thompson et al., 2012).
Alkylating agents such as MMNG, on the other hand, activate the
ATM protein only when PARP-activation is inhibited (Carrozza et al.,
2009). Alkylation by MMNG activates the ATR protein to arrest cell
cycle progression and to promote mismatch repair (Stojic et al.,
2004). Signiﬁcantly, cells infected with the E1B-55K/E4ORF3 double-
mutant virus activate ATR signaling independent of ATM (Carson et
al., 2009).
PARP-1 was activated in adenovirus-infected cells irrespective
of the status of the E1B-55K and E4ORF3 genes (Fig. 6). The E1B-55K
and E4ORF3 proteins most likely act after PARP-1 activation to block
the release of AIF from the mitochondrion and its subsequent
nuclear translocation (Fig. 4). Active PARP-1 may contribute to the
mitochondrial release and nuclear translocation of AIF by several
mechanisms (Andrabi et al., 2008; Wang et al., 2009a). Exogen-
ously applied free PAR is cytotoxic and the introduction of
neutralizing PAR antibodies into excitotoxic model systems are
protective (Andrabi et al., 2006), indicating that PAR alone may be
sufﬁcient to cause AIF-dependent cell death. In some cells, the
exogenous application of NADþ or nicotinamide and the systema-
tic depletion of NADþ promotes AIF translocation from the
mitochondria to the nucleus (Alano et al., 2010; Cimadamore
et al., 2009), suggesting that the depletion of cellular energy stores
due to the consumption of NADþ during ADP-ribose polymeriza-
tion contributes to the translocation of AIF. Cytosolic levels of
calcium increase and activate the protease calpain after PAR-
formation and NADþ depletion (Pink et al., 2000; Tagliarino et
al., 2001). In ex vivo experiments, activated calpains have been
shown to cleave puriﬁed AIF (Wang et al., 2009b) and to release
membrane-bound AIF from puriﬁed mitochondria (Ozaki et al.,
2009; Polster et al., 2005). in vivo, however, calpain activity
was not required for AIF release from the mitochondria and its
subsequent nuclear translocation (Wang et al., 2009b). Calpain
activation also was required for PARP-1 and AIF-mediated cell death
in neuronal cells (Cao et al., 2007; Mizukoshi et al., 2010). The
presence of cytotoxic quantities of PAR, NADþ depletion, calcium
release, and calpain activation may play a role in adenovirus-
Fig. 8. Adenoviral genome replication triggers PARP-1 activation. HeLa cells infected at an MOI of 10 with the indicated viruses were treated with (A) a concentration of
aphidicolin (0.08 mM) at the time of infection sufﬁcient to inhibit cellular DNA replication but not viral DNA replication, (B) 100 mg per ml of the protein synthesis inhibitor
cycloheximide at the indicated times post-infection, or (C) the broad spectrum antioxidant and free radical scavenger N-acetylcysteine (20 mM) at various times before or
after infection. Cells were stained for DNA and the fraction of cells with fragmented nuclei was determined at 72 hpi. Results from representative experiments of at least
three independent experiments are shown. Error bars indicate the 95% exact binomial conﬁdence interval for the representative experiment. (D) HeLa cells were infected
with the indicated viruses, including an adenovirus mutant unable to direct viral DNA replication (ΔpTP). Protein lysates were collected at 72 hpi in the presence of protease
and phosphatase inhibitors and material from identical numbers of cells analyzed by immunoblotting for PAR-ribosylated cellular proteins indicated by square brackets. The
approximate migration of protein standards (in kDa) is shown on the right. Arrowheads on the left indicate the position of the hexon (upper) and penton base (lower)
adenovirus capsid proteins determined by separately stained blots. (E) HeLa cells were infected with the indicated viruses, including the ΔpTP virus. The cells were ﬁxed and
stained by indirect immunoﬂuorescence for PAR at 72 hpi. The ﬂuorescence intensity of 300–1500 cells for each infection was determined by quantitative microscopy as
described in “Materials and methods” section. Results from a representative experiment of three are shown.
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mediated nuclear fragmentation. It is possible that the adenoviral
oncoproteins antagonize nuclear fragmentation downstream of
PARP-1 activation at any of these steps.
Neither the E4ORF3 nor E1B-55K protein directly interacts with AIF
or with factors that are known to facilitate the release of AIF from the
mitochondrion such as calpain, tBid, or Bax (Harada et al., 2002). The
E1B-55K protein blocks transcription of p53-dependent genes includ-
ing BAX (Berk, 2005) which could limit pro-death signaling to
the mitochondria. AIF-dependent, caspase-independent neuronal cell
death requires p53 (Cregan et al., 2002). The death of these cells
could be rescued through the inhibition of p53 by the adenovirus
E1B-55K protein (Aloyz et al., 1998). However, because nuclear
fragmentation in the p53-null PC3 prostate cancer cell line proceeded
only in the absence of both E1B-55K and E4ORF3 function (Fig. 3 and
data not shown), it seems unlikely that E1B-55K-mediated suppres-
sion of p53 is sufﬁcient to block AIF translocation and nuclear
fragmentation. Nevertheless, the lack of p53 signaling in the PC3 cells
could have contributed to a lower frequency of nuclear fragmentation
in these cells. It also is possible that the unfettered DNA-damage
response signaling in infected cells lacking the E1B-55K and E4ORF3
proteins leads to an overwhelming stimulus through PARP-1 that
promotes AIF release. Free chains of PAR may be more abundant in
double-mutant virus-infected cells; however, total levels of PAR,
including PAR-modiﬁed proteins, were no more abundant in these
cells than in wild-type virus-infected cells (Fig. 6). It also is possible
that the nature of the signal provoked by the adenovirus genome in
the double-mutant virus-infected cells is unique. Despite equivalent
levels of viral genome replication directed by the wild-type, single-,
and double-mutant viruses, late viral proteins are synthesized at a
much reduced rate in cells infected with the double-mutant virus
(Shepard and Ornelles, 2004). A key late viral protein that is under-
represented in these cells is protein VII, which protects viral genomes
from detection by the host DNA-damage response (Karen and Hearing,
2011; Vayda et al., 1983). The nature of signaling from nascent viral
genomes devoid of protein VII could differ from that of protein VII-rich
genomes.
Differences in PAR localization in the adenoviral mutant infec-
tions (Fig. 7) lead us to suggest that the adenoviral E1B-55K and
E4ORF3 proteins redirect PARP-1 activity or mislocalize cytotoxic
PAR chains or PAR-modiﬁed proteins in order to inactivate a key
signal for nuclear fragmentation. Aggregates that were intensely
stained for PAR were observed in the nuclei of cells infected with
the wild-type and single-mutant viruses. Structures of similar
appearance were observed at a higher frequency in cells stained
for the late adenoviral proteins, suggesting that these aggregates
may be composed of late viral proteins and that some contain PAR-
modiﬁed proteins. By contrast, PAR staining in the double-mutant
virus-infected cells was more diffusely distributed through the
nucleus and the large PAR-ribosylated aggregates were absent
(Fig. 7C). Although some degree of diffuse PAR staining is seen in
all viral infections, perhaps the level of aggregation seen in a
subset of cells is sufﬁcient to reduce PAR signaling in cells that
are predisposed to nuclear fragmentation. Immunoblotting and
immunoprecipitation experiments suggest that the late adenoviral
penton base protein is PAR-ribosylated (Fig. 8D and data not
shown). Although a protein of mobility similar to the hexon
protein was PAR-ribosylated, our failure to detect PAR-modiﬁed
hexon protein following immunoprecipitation may indicate that
prominent PAR-modiﬁed 110-kDa protein in Fig. 8D is not the
hexon protein or that the antibody used for immunoprecipitation
failed to recognize PAR-modiﬁed hexon protein. The amount of
PAR-ribosylated penton base protein in E1B-55K single-mutant
virus-infected cells was apparently the same as that in wild-type
and E4ORF3-mutant virus-infected cells (Fig. 8D). This is unex-
pected because cells infected with the E1B-55K-mutant virus
contain less late viral proteins than wild-type virus-infected cells.
Perhaps a ﬁxed amount of the relatively abundant viral penton
base protein in cells infected with the wild-type or single-mutant
viruses serves as a non-productive substrate for PARP-1. In addi-
tion, the molecular meshworks formed by the E1B-55K (Pennella
et al., 2010) and E4ORF3 (Ou et al., 2012; Patsalo et al., 2012)
proteins may restrict the trafﬁcking of PAR-modiﬁed proteins
within the nucleus and dampen PARP-1 initiated signaling.
The fragmented nuclei in cells infected with the E1B-55K/
E4ORF3 double-mutant virus are unusual but not unique. These
nuclei resemble those observed in PARP-1- and AIF-dependent
excitotoxic neuronal cell death (Yu et al., 2003). Excitotoxic stimuli
such as glutamate overstimulation (Zhang and Bhavnani, 2006)
triggers a form of cell death that differs from that caused by
classical inducers of apoptosis, oxidative stress, or the withdrawal
of trophic factors in that excitotoxic cell death shows virtually no
caspase-3 activity and is accompanied by an increase in cytoplas-
mic calcium (Diwakarla et al., 2009). Injuries to the brain such as
trauma or stroke often trigger an efﬂux of glutamate leading to
nuclear fragmentation that was shown to be AIF- and PARP-1-
dependent in mouse models of focal and global brain ischemia
(Eliasson et al., 1997; Thal et al., 2011). Similar AIF- and PARP-1-
dependent signaling occurs in neurodegenerative disease models
for Parkinson's disease and retinitis pigmentosa, in programmed
cell death that occurs as embryonic stem cell differentiate into
neuroepithelial cells, and in response to the DNA alkylating agent
MMNG (Andrabi et al., 2008; Cimadamore et al., 2009; Murakami
et al., 2008; Perier et al., 2010; Yamashima et al., 2001; Yu et al.,
2002). A productive adenovirus infection activates the cellular
DNA-damage response and can drive entry of quiescent cells into
the cell cycle. Perhaps this form of overstimulation mimics the
synaptic surge that initiates neuronal cell death.
The E4ORF6 protein of adenovirus was reported to radiosensitize
RKO colon cancer cells (Hart et al., 2007). Stable expression of
E4ORF6 in the RKO cell line inhibited protein phosphatase 2A.
Consequently, two targets of protein phosphatase 2A, histone
H2AX and the DNA-dependent protein kinase, remained phos-
phorylated for prolonged times after exposure to IR. It was
postulated that the sustained DNA-damage signaling after IR leads
to the hyperactivation of PARP-1 and translocation of AIF to the
nucleus. Because phosphorylated H2AX cooperates with AIF to
fragment chromatin (Artus et al., 2010), E4ORF6-expressing cells
suffered increased chromatin damage in response to IR (Hart et al.,
2007). These ﬁndings led us to test the contribution of E4ORF6 to
nuclear fragmentation in the context of a viral infection where
viral DNA replication would provide the damage signal in place of
IR. Instead, we found that infection with a virus deleted of both
E4ORF3 and E4ORF6 still caused nuclear fragmentation, leading us to
conclude that, in the context of a viral infection, the presence of
E4ORF6 is not necessary for AIF-dependent nuclear fragmentation
(data not shown).
A hallmark of late stage apoptosis is DNA fragmentation
(Wilson, 1998). However, apoptotic DNA fragmentation differs
from the nuclear fragmentation triggered by infection with the
E1B-55K/E4ORF3 double-mutant virus. Apoptotic nuclear bodies
are typically composed of cellular DNA and nuclear material
pulling away from a central mass. The resulting fragments of
nuclear material are not deﬁned by a distinct boundary of nuclear
lamina as we report here (Soboloff et al., 2001; Zhao et al., 2006).
Indeed, breakdown of the nuclear lamina precedes nuclear frag-
mentation during apoptosis (Burke, 2001; Lazebnik et al., 1995). In
addition, AIF-dependent ex vivo fragmentation causes infrequent
DNA cleavage resulting in large fragments of DNA, as opposed to
classical apoptotic DNA laddering that occurs in the two-step
process involving both AIF and Endo G (Susin et al., 2000; Wang
et al., 2002). Pulsed-ﬁeld and standard gel electrophoresis of
infected cell DNA showed no apoptotic DNA laddering in double-
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mutant virus-infected cells (Shepard and Ornelles, 2004). The failure
of the pan-caspase inhibitor zVAD-fmk to change the morphological
heterogeneity of E1B-55K/E4ORF3 double-mutant virus-infected cells
provides additional support for the caspase-independent nature of
the adenovirus-induced nuclear fragmentation described here (data
not shown). The heterogeneous nature of double-mutant viral
infections may reﬂect stochastic differences in protein expression
within a cell population. This could lead to some cells having the
requisite amount of one trigger protein to surpass a threshold and
engage one pathway over another.
Although the speciﬁc mechanisms by which the adenoviral
E1B-55K and E4ORF3 proteins enforce morphological homogeneity
remain unknown, continued signaling after the insult of adeno-
viral genome replication elicits nuclear fragmentation. This mor-
phologically distinctive nuclear fragmentation depends on AIF and
on PARP-1 activation. Forced re-entry of mature, differentiated
neuronal cells into the cell cycle causes cell death (Feddersen et al.,
1992) that is dependent on AIF (Bonni, 2003; Chung et al., 2011).
Since adenoviruses are able to productively infect terminally
differentiated cells and force entry into an S-phase-like state, the
E1B-55K and E4ORF3 proteins may be necessary to suppress forms
of cell death that prevail in terminally differentiated cells. The
heterogeneous nature of cells infected with the E1B-55K and
E4ORF3 double mutant-virus suggests that adenovirus triggers
diverse pathways of cell death that must be antagonized by
equally diverse functions provided by the early adenoviral pro-
teins. Continuing to study the ways by which adenovirus limits
heterogeneity may unveil novel relationships between adenovirus
and host cellular processes that govern cell death and survival.
Materials and methods
Chemicals
All chemicals used in this study were obtained from Sigma/
Aldrich (St. Louis, MO) unless otherwise noted. The PARP-1 inhibitor,
3-aminobenzamide was prepared as a concentrated stock of 200 mM
in water with gentle heating and used at a concentration of 2 mM.
Aphidicolin was used at a concentration of 0.08 μM to inhibit cellular
DNA synthesis. Cycloheximide was used at a concentration of 100 μg
per ml from a stock solution of 100 mg per ml in dimethyl sulfoxide
to inhibit protein synthesis. N-acetylcysteine was used at a concen-
tration of 20 mM from a stock solution 200 mM in serum-free
medium to inhibit the production of reactive oxygen.
Cell lines
Cell culture media, cell culture supplements, and sera were
obtained from Invitrogen (Gaithersburg, MD) or Lonza (Hopkinton,
MA) through the Tissue Culture and Virus Vector Core Laboratory
of the Comprehensive Cancer Center of Wake Forest University.
HeLa cells were originally obtained from the American Type
Culture Collection (ATCC, Manassas, VA) and maintained in
Dulbecco's modiﬁed Eagle medium (DMEM) supplemented with
10% newborn calf serum. HeLa cells stably transduced with
lentiviral short hairpin RNA-expressing constructs against AIF or
LacZ were generated as described (Lewis et al., 2012) and main-
tained in DMEM supplemented with 10% fetal bovine serum and
1 μg per ml puromycin. PC3 cells, which were originally derived
from a metastatic prostatic adenocarcinoma, were stably trans-
duced with lentiviral short hairpin RNA-expressing constructs
against AIF or LacZ (Lewis et al., 2012) and maintained in RPMI
supplemented with 10% fetal bovine serum. MCF10A cells were
maintained in a 1:1 mixture of DMEM and F12 (DMEM/F12)
medium supplemented with 5% heat-inactivated horse serum,
2 mM GlutaMAX and 100 U penicillin, 0.1 mg streptomycin, 10 μg
insulin, 20 ng epidermal growth factor, 0.5 μg hydrocortisone, and
100 ng cholera toxin per ml. Retinal pigmented epithelial cells
immortalized by hTERT (hTERT RPE-1) were obtained from the
ATCC and maintained in DMEM/F12 supplemented with 10% FBS
and 0.01 mg per ml hygromycin B. All cells were cultured in a 5%
CO2 atmosphere at 37 1C by passaging twice weekly at a 1:4
dilution for MCF10A cells and at a 1:10 dilution for HeLa, PC3, and
hTERT RPE-1 cells. For high-resolution immunoﬂuorescence micro-
scopy, cells were grown on nitric acid-cleaned, sterilized glass
coverslips.
Viruses
The virus dl309 was used as the wild-type virus for this study.
This virus contains several deletions and a substitution within the
E3B region, but displays wild-type characteristics in cultured cells
(Jones and Shenk, 1979). The E1B-55K and E4ORF3 doubly-deleted
virus 3112 was described previously (Shepard and Ornelles, 2003)
and is a recombinant of the E1B-55K-deleted virus dl1520 (Barker
and Berk, 1987) and the E4ORF3-deleted dl341 (Sarnow et al., 1982).
The replication-deﬁcient virus H5wt300ΔpTP bears a deletion in
the terminal protein gene (Schaack, 2005). The H5wt300ΔpTP
virus was grown in 293 cells expressing the E2B gene. All other
viruses were grown in 293 cells and concentrated virus stocks
prepared by sequential centrifugation through CsCl gradients as
described previously (Shepard and Ornelles, 2004). Viral stock
titers and the relative titers for each cell line were determined by
a ﬂuorescent focus assay. Titers determined by plaque assay
with 293 cells were found to be identical to titers determined by
ﬂuorescent focus assay.
Antibodies
Primary antibodies included a human anti-nuclear antibody
derived from autoimmune human serum that was determined
to stain the nuclear lamina used at a 1:100 dilution, a mouse
monoclonal antibody against COX IV from Abcam (Eugene, OR)
used at a 1:1000 dilution, a rabbit polyclonal antibody against AIF
(Cell Signaling, Danvers, MA) used at a 1:250 dilution for immu-
noﬂuorescent microscopy, a mouse monoclonal antibody from
Santa Cruz Biotechnology against AIF (sc-13116, Santa Cruz, CA)
used for western blotting, a mouse monoclonal antibody against
β-Actin (A5316, Sigma/Aldrich, St. Louis, MO) used for western
blotting, a polyclonal rabbit anti-PAR antibody (#551813) from BD
Pharmingen (San Jose, CA) used at a 1:400 dilution for microscopy
and 1:2000 dilution for western blotting, a polyclonal goat anti-
PARP-1 (N-20, Santa Cruz, CA) used at a 1:1000 dilution. Secondary
antibodies used for immunoﬂuorescence microscopy were anti-
mouse or anti-rabbit whole IgG conjugated to Alexa Fluor 488
(AF488) or Alexa Fluor 568 (AF568) from Invitrogen used at
2 μg per ml. Secondary antibodies used for western blot analysis
were anti-rabbit or anti-goat conjugated to horseradish peroxidase
from Jackson ImmunoResearch Laboratories (West Grove, PA) and
used at a concentration of 0.1 μg per ml.
Microscopy
For immunoﬂuorescence microscopy, cells were ﬁxed for
30 min with 2% paraformaldehyde and permeabilized for 5 min
with 0.2% Triton X-100 in phosphate-buffered saline at room
temperature. All subsequent washes were performed with Tris-
buffered saline with BSA, glycine and Tween-20 (TBS-BGT: 0.137 M
NaCl, 0.003 M KCl, 0.025 M Tris-Cl [pH 8.0], 0.0015 M MgCl2, 0.5%
bovine serum albumin, 0.1% glycine, 0.05% Tween 20, and 0.02%
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sodium azide). Antibodies used for immunoﬂuorescence were
diluted in TBS-BGT supplemented with 10% normal goat serum
(Invitrogen). Samples were stained for 90 min with primary anti-
body and for 30 min with secondary antibody, with washes in
between. Samples were mounted with ProLong Gold mounting
media (Invitrogen) containing 4',6-diamidino-2-phenylindole (DAPI).
Micrographs were obtained by either epiﬂuorescence or transmitted
light microscopy using a Nikon TE300 inverted microscope or by
confocal laser scanning microscopy with a Nikon TiE inverted
microscope ﬁtted with a Nikon CISi system. A 20 /0.45 NA dry
phase-contrast objective was used for live cell imaging. A 100 /1.4
NA magniﬁcation oil-immersion objective was used for all other
micrographs. Mean apparent cell diameters were determined from
live cells photographed with the 20 objective. A distinct phase-
refractile ring deﬁned the perimeter of each detached cell. Using the
macro language of the open-source image processing software
ImageJ (Rasband and ImageJ, 1997–2012) and the open source
software environment R, a Gaussian blur was applied and the mean
diameter of the phase-refractile ring was determined as the mean of
the central 14 of 18 measured diameters. To quantify levels of PAR-
staining, 12-bit monochromatic images were acquired with a Retiga
EX 1350 digital camera (QImaging Corp., Burnaby, British Columbia,
Canada) using the 100 objective. The relative brightness and
contrast of the images from each experiment were adjusted to fall
within the same linear range using mock-infected cells. Fluorescence
intensity was measured with the tools available in ImageJ. The
modiﬁed Manders and Pearson coefﬁcient of correlation was deter-
mined with the JACoP plugin for ImageJ (Bolte and Cordelieres,
2006). Samples for scanning electron microscopy were ﬁxed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer and processed by
the Wake Forest University Microscopy Core Lab. The samples were
imaged using a Philips 515 SEM.
Flow cytometry
HeLa cells were harvested by scraping. Single cells were
obtained by passing the harvested cells through a 35 μm cell
strainer cap. Physical properties of the cells were determined by
analyzing forward and side scatter using a Benton Dickinson (BD)
FACS Calibur instrument.
Western blotting
Cells grown and infected in 60-mm diameter culture plates
were washed in the presence of protease and phosphatase
inhibitors (2 mM EDTA, 1 mM NaF, 1 mM sodium pyrophosphate,
1 mM phenylmethylsulfonyl ﬂuoride, 1 mM Na3VO4, and 2 μM
leupeptin), harvested by scraping and suspended in a small
volume of one-tenth concentrated PBS. An equal volume of 2X
sodium dodecyl sulfate (SDS) protein sample buffer (20% SDS,
0.5 M Tris [pH 6.8], glycerol, 0.01% bromophenol blue, and 5%
β-mercaptoethanol) was added. The cell lysate was heated for
5 min at 95 1C and sonicated 3 for 20 s. The lysates were
separated by SDS-polyacrylamide gel electrophoresis through
10% or 15% acrylamide gels. The proteins were then electrophor-
etically transferred to nitrocellulose (Whatman/GE Healthcare)
overnight at 4 1C. The nitrocellulose was blocked in TBS-BGT
containing 5% nonfat dry milk and sodium azide, stained with
primary antibodies diluted in TBS-BGT with sodium azide over-
night at 4 1C, and stained with secondary antibodies diluted in
TBS-BGT without sodium azide for 30 min at room temperature.
The stained proteins were visualized by a mixture of SuperSignal
West Pico and SuperSignal West Femto chemiluminescence sub-
strate from Pierce/ThermoScientiﬁc (Rockford, IL) and X-ray ﬁlm.
Statistical analyses
Differences among mean apparent cell diameters were evalu-
ated by one-way ANOVA allowing for unequal variances among
groups and application of the t-test with the Bonferroni correction
for multiple comparisons. A corrected p-value less than 0.05 was
considered signiﬁcant. The proportion of cells showing nuclear
fragmentation was compared for each pair of viruses by Fisher’s
exact test. The resulting p-values from this pairwise analysis were
compared to a critical value adjusted by Hochberg's step-up
procedure to correct for multiple comparisons. P-values less
than an adjusted initial critical value (α) of 0.05 were considered
signiﬁcant. Pearson's and Manders' correlation coefﬁcients, which
varied between 0 and 1, were transformed by the logistic function
to achieve a normal distribution and then analyzed by the t-test
with the Bonferroni correction for multiple comparisons. Adjusted
p-values less than 0.05 were considered signiﬁcant.
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